This paper introduces a facile technique for the calculation of the thermodynamic properties of a gas across a porous membrane. The calculation assumes that the gas undergoes temperature-driven isobaric condensation, pressure-driven isothermal expansion and temperature-driven isobaric evaporation. The gas is in a disordered and chaotic state in all the three processes as a result of the kinetic energy by the driving forces. A zero entropy value is achievable at a remote distance from the membrane after desorption takes place. The deviation of the entropy from zero for isobaric evaporation is indicative of the irreversibility of the process. In contrast, the convergence of the entropy towards zero for the other two systems is indicative of the near-reversibility of the process.
INTRODUCTION
In simulating the adsorption and diffusion of a gas through the interconnected cylindrical pores of an adsorbent, physical adsorption was treated as the condensation of vapour on a solid surface. The results showed that flow laminarity might not exist in a capillary pore and that the formation of a multi-molecular layer of the gas was possible at a small temperature difference (i.e. between the temperature of the saturated gas and the temperature of the adsorbent surface). The stack of gas molecules increased in thickness along the pore depth as the pressure was increased (Othman and Kim 2008a,b) . In a gas separation process using a porous membrane as the separating medium, the thickness of the gaseous molecular layer may be increased further if the membrane wall is designed and constructed from a material that has an affinity for the gas molecules. As the gas molecules are adsorbed and mobile on the pore wall at the onset of pore opening, they will diffuse along the pore wall in the direction of decreasing driving forces (Othman et al. 2009 ).
Gas molecules passing through a porous thin film or membrane experience temperature-driven isobaric adsorption, pressure-driven isothermal expansion and temperature-driven isobaric desorption, all occurring in just a single stage, vis-á-vis multi-stages or different phases (of pressurizing, depressurizing and purging) in a conventional pressure swing adsorption system (Marathe 2005) . There are many literature reports of thermodynamic adsorption functions centred on a bulk porous adsorbent that treat the diffusion of gas molecules inside the pore and desorption of the gas from the membrane pore in isolation (Marathe 2005; Hung and Bai 2008; Choudhary and Mayadevi 1996; Schindler and LeVan 2008; Xu et al. 2008) . The permeability and separability of gases across porous membranes were studied from the basis of adsorption and the affinity of the material (Othman et al. 2009; Himeno et al. 2007; Zhu et al. 2006) . In this work, the entropy, internal energy, enthalpy and Gibbs' free energy for methane and carbon dioxide across a porous membrane are computed on the basis of three processes that occur simultaneously in the system. Whilst previously reported work might assume that a solid adsorbent was inert to the adsorbing gas, the prevailing equations used in the present work do not assume that the solid medium is inert.
METHODS
A porous film with a nominal pore size equivalent to that of a molecular sieve membrane (2-5 Å) is selected to adsorb and desorb two gases, methane and carbon dioxide. A binary mixture of these gases at equal molar ratio is used to calculate the energy and entropy level during adsorption, isothermal expansion and desorption. The processes that occur simultaneously in a porous membrane system are illustrated in Figure 1 .
Calculation of the thermodynamic energy and entropy during adsorption assumes that the gas first undergoes temperature-driven isobaric condensation. The energy loss suffered by the gas molecule as a result of pressurization is considered to be equivalent to the reduction in temperature as it condenses (adsorbs) onto a colder solid surface (Othman and Kim 2008a,b) . As the condensed gas located near a micropore is able to find its way to the pore and is then forced to permeate through to the other side of the porous medium due to the pressure difference, the gas quickly regains its kinetic energy. The low-pressure environment facilitates disengagement of the molecule-molecule attraction and gravity that may exist. The mobility of the gas, however, depends on the level of the affinity for the solid medium (Choudhary and Mayadevi 1996) . As the gas percolates through the meandering pore pathway, the gas experiences a pressure-driven isothermal expansion and the energy of expansion can be conveniently calculated. During desorption, the gas reaches the brim of the pore opening. Calculation of the thermodynamic energy and entropy assumes that the gas diffuses from a hot solid, resembling the case of a temperature-driven isobaric evaporation that further assists the impending liberation and alienation of the molecule from the material and itself.
In this analysis, methane and carbon dioxide are considered as ideal gases and that the porous medium is homogeneous with a perfectly cylindrical pore structure. The following equations are used to calculate the energy level of the gas in the adsorbent-membrane system: (a) For the condition of isobaric condensation (adsorption), the thermodynamic properties of the gas phase are calculated from the perfect-gas heat capacities and residual functions:
where H g and S g are the enthalpy and entropy of the gas, and h 0 and s 0 are the molar enthalpy and molar entropy, respectively, at the reference temperature (T 0 ) and standard pressure (P 0 ). The quantity c 0 p is the ideal-gas heat capacity, and h R and s R are the residual enthalpy and entropy, respectively, at temperature T; the residual functions are zero for a perfect gas. c 0 p = 0.02765 + 7.55 × 10 -5 T -1.8 × 10 -8 T 2 for methane (3) c 0 p = 0.030445 + 8.868 × 10 -6 T -8.6 × 10 -9 T 2 for carbon dioxide (4) (c) The internal energy, U g , and the Gibbs' free energy, G g , are computed using the following equations:
(5)
The intensive variables of the condensed phase are the temperature (T), pressure (P) and chemical potential of the porous film (µ i ). The chemical potentials of the gas (adsorbate) are measured in G n
Thermodynamic Functions of Temperature/Pressure-induced Sorption across Microporous Membranes kJ/mol, while the chemical potential of the film (adsorbent) is in kJ/kg; n i is the amount (number of moles) of each gas.
Substituting equations (6) and (7) into equation (5) results in:
and P can be obtained using the Redlich and Kwong equation (Himeno et al. 2007 ):
(9)
In these equations, T c and P c are critical conditions of the gas, V is volume of the gas and R is the gas constant; V can be obtained from equations (8) and (9) following "Golden section optimization". For isothermal expansion conditions, the thermodynamic properties of the solid adsorbent in its standard state at the equilibrium temperature and pressure are:
H s and S s are the enthalpy and entropy of the solid phase, respectively, ρ s is the solid density and c s p is the heat capacity of the solid [for zeolite membranes with a nominal pore size of 5 Å, c s p = 0.9624 kJ/(kg K) (Kim et al. 2000) ], while m is the mass of the solid adsorbent. The asterisk refers to the properties of the adsorbent per unit mass in vacuo. Equation (13) is not based on the assumption that the solid adsorbent is inert; isothermal changes in the enthalpy or entropy of the solid adsorbent induced by adsorption are included in the ∆H a and ∆S a functions for the adsorbed phase. Alternatively, generalized isothermal and isochoric sequential equations may also be utilized (Warowny and Eubank 1995) .
For the condition of isobaric evaporation (desorption), the thermodynamic properties are calculated from the ideal gas heat capacities and the integral functions: 
where the superscript "a" refers to the desorbed phase. The enthalpy during the desorption is described by:
where ∆h a is the isosteric heat of adsorption or the differential enthalpy of adsorption, which is evaluated from the Clausius-Clapeyron equation ( 
RESULTS AND DISCUSSION
The entropy during the three processes described earlier is presented in Figures 2 and 3 . The increasing trend suggests a disordered and chaotic state. The system attains a state of equilibrium when the entropy change reaches its maximum and this, as the figures suggest, is achieved at a higher temperature change for isobaric condensation and evaporation, a higher pressure change for isothermal expansion, and when gas molecules are moving towards the membrane and away from the membrane. At increasing pressure and temperature change, the gas diffuses at a higher speed as a result of the increase in the average kinetic energy. Higher kinetic energy leads to higher entropy. A mixture containing equal molar amounts of methane and carbon dioxide yields intermediate values for the thermodynamic properties, between the two extremes as shown in the figures. The deviation of the entropy from zero for isobaric evaporation (Figure 2) demonstrates the irreversibility of the process, whereas the convergence of the entropy towards zero for the other two systems depicted is indicative of the near-reversibility of the process. The irreversibility is notably apparent at elevated temperature (or prior to the gas molecules becoming immobile) as the mean free path of the molecule becomes much larger than the mean pore radii of the porous medium. In such a case, the gas moves freely at random; however, this occurs only at the start of the adsorption process or when the molecule is some distance from the adsorbent medium. Figures 4-6 show the enthalpy, Gibbs' free energy and internal energy during isobaric condensation, isothermal expansion and isobaric evaporation, respectively. The amount of energy required for methane to be condensed and expanded appears higher than that for carbon dioxide, indicating that methane loses more energy than carbon dioxide on both adsorption and desorption. The higher energy can be explained by the attractive forces between the molecules and the medium, and the molecular weight of the gases. The molecular weight of carbon dioxide is larger than that of methane. Being lighter and more attracted towards the adsorbent material, methane is more readily adsorbed and thus readily loses its energy. This might have resulted in the separability of methane from a carbon dioxide/methane gas mixture of as high as 8.17 as reported previously across a zeolite membrane (Othman et al. 2009 ). However, the order of adsorption may be reversed when the material exhibits a greater affinity for carbon dioxide as a result of different cations present in the adsorbent preferentially adsorbing this gaseous species (Othman 2009; Othman and Kim 2008a,b; Choudhary and Mayadevi 1996) . 
CONCLUSIONS
Adsorption, permeation and desorption of a gas across a porous adsorbent film is viewed in this work as due to isobaric condensation, isothermal expansion and isobaric evaporation so as to enable calculation of the thermodynamic properties of the system. The entropy of the gas increases as it approaches the membrane, remains constant as it penetrates the membrane pores and increases as it moves away from the porous film. Methane has a higher entropy, enthalpy, Gibbs' free energy and internal energy than carbon dioxide in all the simulated conditions. ACKNOWLEDGEMENT Support from the Universiti Sains Malaysia is gratefully acknowledged. The authors would also like to thank Y.L. Chan for his contribution to this work. 
